A spectrometric technique is presented that combines most of the important criteria necessary for efficient detection and identification of miicroorganisms. These criteria include simplicity of experimental design, various degrees of sensitivity and selectivity, convenience, and total reaction times of less than 15 min. The study takes advantage of the inherent extracellular enzymes present in living as opposed to dead, non-enzymeproducing organisms. Sequentially, these are harnessed in in vivo reactions with a substrate containing a select organic functional group that is known to be cleaved or hydrolyzed by a certain enzyme. The substrate is tailored so that one of the products can be induced to fluoresce, and by using a conventional spectrofluorimeter the rate at which the fluorescence appears can be recorded. By subjecting the same bacterial sample to a number of different enzyme substrates, a pattern of fluorescence response rates emerges from a 7 by 7 microorganism-substrate matrix. Detection limits ranged from 3.6 x 102 to 3.5 x 1O8 cells per ml for the Bacillus globigii-indoxyl acetate and Escherichia coli-diacetylfluorescein pairs, respectively. The specificity and versatility of the method for bacterial determination is demonstrated in probing different bacterial enzymes through their spectrally active metabolic products.
Microbial detection and identification is important in a diverse array of scientific concerns. Recently, new analytical methods have been developed to probe the physical, chemical, and biological characteristics of microorganisms. A common goal in these endeavors is the search for either an exogenous probe or indigenous organism characteristic that would be fundamental in microorganism detection and identification in a fairly straightforward, convenient manner. These methods include pyrolysis mass spectrometry (7, 11, 12, 21) , microbial phospholipid fatty acid extracts (15) , countercurrent chromatographic bacterial separation (10) , excitation-emission matrices with a video fluorometer of whole-cell supernatants (19) and differential dye-cell wall binding (20) , time-resolved fluorescence with wavelengthdependent lifetimes (3), resonance Raman spectra of UVexcited organisms (9) , staining organisms in blood cultures (18) , and the enzyme-linked lectinosorbent assay (5, 8) for detecting and differentiating Bacillus anthracis from closely related bacilli. Recent methods developed to probe in vivo enzymes include the chromogenic ax-glucosidase substrate probe in distinguishing B. anthracis from other bacilli (17) , the fluorogenic 4-methylumbelliferone-3-D-glucuronide assay of p-glucuronidase in Escherichia coli (16) , and the fluorometric assay of the P-lactamases (4) with penicillin and cephalosporin as substrates for a variety of gram-positive and gram-negative organisms. These methods span various degrees of complexity of design, sensitivity, specificity, convenience, and time required to generate sufficient data.
We offer a spectrometric technique that combines the attractive features of most of the important criteria necessary for efficient microbiological detection and identification. The study takes advantage of the inherent extracellular enzymes present in living as opposed to dead, non-enzyme-* Corresponding author. producing organisms. Sequentially, these are harnessed in in vivo reactions with a substrate containing a select organic functional group that is known to be cleaved or hydrolyzed by a certain enzyme. The substrate is tailored so that one of the products can be induced to fluoresce, and by using a conventional spectrofluorimeter the rate at which the fluorescence appears can be tracked and recorded. By subjecting the same bacterial sample to a number of different enzyme substrates, a pattern of fluorescence response rates emerges. The experimenter can then use a pattern recognition set of standard microorganism-substrate fluorescence response curves, and together with the experimentally de (2, 13) .
The bivariate normally distributed population statistical analysis is a method that delineates regions of response (here in two-dimensional space). That is, the method generates a boundary that portrays how the independent and dependent variables are statistically correlated with no implied cause and effect relationship. The boundaries are ellipses with their major axes equivalent to.that of the linear regression line of the same data set; however, that is the extent of their similarity. The elliptical boundary directly implies a region, as opposed to an interval, in which one would expect to find a certain percentage of the total population of independentdependent variable response pairs of a given subject (microorganism-extracellular enzyme). This concept is critical in the determination of microorganism identity in a sample, because different substrate-organism standard regions can be observed that contain an experimentally observed initial fluorescence velocity for a given substrate. Each set of regions for a given substrate is cross-referenced in the determination of the identity of the microorganism(s).
Equation 1 embodies the mathematical construct used to generate the elliptical regions of microorganism responses (1, 6, 23) :
where cr2 and uy2 are the variance of the x and y variables, respectively; xT and y are the means of the x and y variables, 
,-Naphthyl phosphate (22), and a summary of the other substrate hydrolysis reactions and their spectral parameters is given in Table 2 . Figure 1 shows the emission spectra of both fluorescent products. Control analyses are reported elsewhere (22) concerning the determination of enzyme activity in dead (nonviable) intact bacteria and in A comparison of the rates of hydrolysis of ester compounds with the in vivo B. globigii esterase is given in Table  3 . Except for the substrate DAF (22) , reaction mixtures contained 1.8 ml of phosphate buffer, 0.1 ml of an acetone solution of the substrate, and 0.1 ml of the microbial sample. DAF and indoxyl acetate were the ester substrates of choice because of their high rates of enzyme reactivity. These two substrates display 10-to 1,000-fold-higher activities than the other seven ester substrates even though 10 times less of them was used in the assays.
Standard substrate curves for substrate-organism standard regions are shown in Fig. 4 Indoxyl-pi-D-glucoside. Despite a fairly high detection limit of approximately 106 cells per ml, the fluorescence response was quite marked in that only the bacilli displayed activity (Fig. 5) .
4MU-glucoside. The pattern of response with another glucoside substrate was quite different, with at least an order of magnitude higher sensitivity. The bacilli along with S. cerevisiae and Pseudomonas stutzeri were able to generate fluorescence response sets (Fig. 6) . However, all four organisms displayed similar reaction rates.
4MU-phosphate. By probing the phosphatase enzyme, a different group of organisms displayed a fluorescence response (Fig. 7) (Fig. 8) . The presence of E. coli, Pseudomonas stutzeri, and B. pumilis, however, obscured the fluorescence response of S. cerevisiae, whereas B. globigii and Proteus vulgaris had no fluorescent response at the indicated bacterial concentrations.
4MU-galactoside. The response with this substrate was apparent in that only E. coli and Serratia marcescens produced fluorescence while the other five organisms displayed no activity (Fig. 9) . The responses were, however, similar in 3-galactosidase activity.
DISCUSSION
A summary of the detection limits of the organismsubstrate pairs that produce a fluorescent response is given in Table 4 . In the determination of the detection limit at which no measurable spontaneous hydrolysis was observed at an instrumental sensitivity of 0.0001 AF/min, the detection limit for fluorescence response sensitive. Possible explanations to describe these observations are the degree of steric factors, substrate polarity and enzyme-cell wall association to enzyme-substrate accessibility in the enzymatic reactions. Table 5 depicts a qualitative pattern recognition tabulation of the quantitative pattern recognition set presented in Fig. 4 through 9 (and Fig. 1 and 2 of reference 22) . A qualitative accounting of microbial responses can be used as a first filter in the determination of microorganism identity and approximate concentration analysis. In the determination of the identity of a sample of an organism(s) of interest, buffered solutions of various enzyme substrates are prepared and placed in separate cuvettes. The initial fluorescent velocity of each substrate-organism pair is derived, and the values are noted on their respective substrate standard curves (e.g., Fig. 4 through 9) . The initial fluorescence velocity is used to determine which organism(s) displays that particular reactivity, regardless of organism concentration. By comparing the candidate organism set for each substrate standard curve, various organisms can be eliminated within the standard curve organism concentration limits, because each of the organisms displays orders of magnitude differences in reactivity with different substrates.
A bacterial extracellular enzyme essay that produces a fluorescence signal above the spontaneous substrate hydrolysis background within the established organism concentration response limits, together with substrate solution preparation, takes approximately 15 min to perform. At relatively low organism concentrations, roughly 2 h or less is required to analyze a sample for microbial presence with the substrates presented in Table 5 .
An order of magnitude light-scattering microorganism concentration analysis would greatly facilitate the determination of the response region occupied by the sample of interest. The measurement, however, produces a total microbial count without discriminating between viable and nonviable organisms. This piece of information is valuable in that organism-substrate pairs which have detection limits higher than that of the light-scattering concentration determination can be eliminated. However, with the substrate that responds to the lowest concentration of a particular organism, that microbe could still be present in the sample below its lowest detectable concentration limit in a fluorescence velocity measurement. Therefore it is desirable to have as concentrated a sample as possible. A microorganism concentration detection limit less than or equal to 106 cells per ml encompasses approximately 50% of the organismsubstrate pairs that produced a fluorescent response, spanning at least one pair of each of the seven organisms and six of the seven substrates.
The P-lactamases (4) penicillinase and cephalosporinase are two other extracellular enzymes that could be considered in the pattern recognition set, because an in vivo reaction with the nonfluorescent penicillin and cephalosporin substrates produces fluorescent products. Their investigation is further desirable in that the products are generated within 5 to 15 min at room temperature, producing a bluegreen fluorescence with 300-to 350-nm excitation. These enzymes were found to be readily available in the in vivo reactions in a variety of gram-positive and gram-negative bacteria.
Thiaminase I and II are two other extracellular enzymes found in microbial genera such as Candida, Bacillus, and Clostridium (14) . With the aid of an organic base or thiol compound, the enzymes catalyze the cleavage of the substrate thiamin (vitamin B1) to a fluorescent tricyclic product (24) .
The pattern recognition set is of central importance in the technique, because it permits organism discrimination by a process of elimination as well as a rough concentration estimation. An adjunct to the pattern recognition set is a rapid and convenient light-scattering concentration determination. However, for the pattern recognition set to be useful in a practical situation, more microorganisms need to be added to the data base as well as samples from sources other than laboratory cultures, such as clinical isolates, food extracts, and the environment. Currently, the pathogenic Streptococcus, Salmonella, Staphylococcus, Streptomyces, and Candida genera are being studied. Table 4 .
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